Heat-treated Lactobacillus plantarum increases the immune responses through activation of natural killer cells and macrophages on in vivo and in vitro models

InTRoduCTIon
An immune system is a system of biological structures and processes within organisms that protect against diseases by identifying and killing various pathogens and tumour cells [1] . The role and necessity of the immune system are evident at the time of chemotherapeutic intervention for the treatment of many diseases [2] . Recently, the use of immunomodulators to enhance host defense responses has been regarded as one of the most promising alternatives to classical drug therapy [3] .
Immunomodulatory agents are able to ameliorate the immune response against pathogens by activating immune cells [4, 5] . Among immune cells, natural killer (NK) cells and macrophages play key roles in the innate and adaptive immune responses to ultimately provide protection against virus and pathogens [6, 7] . NK cells make a first line of defense against pathogens or host cells that are stressed and/or cancerous [7] . In general, NK cells differentiate normal cells from abnormal cells, such as infected cells, tumour cells, and cells that have undergone physical or chemical damage [8] . Thus, in order to fight infection or cancer, it is necessary to increase NK cell activity determined by lysis of target cells [9] . Macrophages prevent the invasion of foreign materials and micro-organisms through phagocytosis. Macrophages exert additional adaptive immune responses by synthesizing many inflammatory mediators and cytokines, including TNF-α, IL-6, IL-12, and nitric oxide (NO) [10] [11] [12] [13] . Macrophage-secreted mediators are involved in defense infection of bacteria, fungi and parasites as well as in killing tumour cells and play an important role in the cellular immune process by aiding the elimination of abnormal cells [8, 14] . In particular, NO is a highly reactive molecule and is synthesized by inducible NO synthase (iNOS) [11] . The expression of the above-mentioned mediators is mainly induced through the activation of nuclear factor-κB (NF-κB) by degradation of IκBα [15] .
NK cell activity as well as serum levels of IL-2, IL-6 and TNF-α were reduced by intraperitoneal injection of cyclophosphamide (CP) [16, 17] . Numerous studies have reported that CP injection induces immunosuppression in mice [8, [16] [17] [18] . Therefore, in this study, we also used CP to induce immunosuppression in mice.
Heat-treated Lactobacillus plantarum-nF1 (hLp-nF1) is a biogenics consisting of heat-pretreated and non-viable (dead) Lactobacillus plantarum cells. The hLp-nF1 is a granular form in size of 0.5-1.0 µm and is registered in the DNA Data Bank of Japan (Accession No. NITE-P1462) [18] . Lactobacillus plantarum possesses various pharmacological properties, such as anti-cancer and anti-colitis [19, 20] . Lee and colleagues reported that Lactobacillus plantarum increases the levels of TNF-α and IL-12 in splenocytes [21] . Recently, Choi et al. [18] reported that Lp-nF1 has an immune-enhancing effect in an immunosuppressed-animal model. However, it is difficult to expect a persistent immune-enhancing effect by Lp-nF1 because productized Lp-nF1 will have a short shelf life. Thus, we investigated whether hLp-nF1 could have an immune-enhancing effect in immunosuppressed-mice and RAW 264.7 macrophages.
METHodS
Reagents
CP, lipopolysaccharide (LPS), avidin-peroxidase, fetal bovine serum (FBS), PBS, and bovine serum albumin were purchased from Sigma Chemical (St. Louis, MO, USA). Anti-mouse IL-1β and IL-12p70 antibodies, biotinylated anti-mouse IL-1β and IL-12p70 antibodies, and recombinant mouse IL-1β and IL-12p70 were purchased from R and D Systems (Minneapolis, MN, USA). Anti-mouse IL-2, IL-6 and TNF-α antibodies, biotinylated anti-mouse IL-2, IL-6 and TNF-α antibodies, recombinant mouse IL-2, IL-6 and TNF-α, and TMB substrate from BD Biosciences (San Diego, CA, USA). NF-κB, phosphorylated (p)-IκBα, poly ADP ribose polymerase (PARP), iNOS, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). EZ-LDH cytotoxicity assay kit was purchased from DAEILLAB SERVICE (Seoul, Republic of Korea).
hLp-nF1 preparation
The hLp-nF1 (deposited at the NITE Biological Resource Center, Tokyo; Accession No. NITE-P1462) was obtained by Biogenicskorea (Seoul, Republic of Korea). At first, Lactobacillus plantarum was cultured on an agar plate. Then, Lactobacillus plantarum (1×10 7 c.f.u. ml −1 ) was cultured in media containing dextrose and yeast extracts in aerobic condition for mass production. The hLp-nF1 was prepared by incubating Lactobacillus plantarum under pH control for 20 h and then incubating at 40 °C (high temperature), 1.0% (w w −1 ) (high salinity) and pH 5.0 (low pH) for 4 h. The sample was sterilized at 80 °C for 10 min [18] . Using an MTT assay, we confirmed that there was no viable cell in hLp-nF1 (Fig.  S1 , available in the online version of this article). For oral treatment, hLp-nF1 powder was dissolved in PBS.
Animals and diets
Six-week-old male BALB/c mice were obtained from Dae-Han Experimental Animal Center (Eumsung, Republic of Korea). All experiments were carried out in accordance with internationally recognized principles for laboratory animal use and care as described in US guidelines (NIH publication no. 85-23, revised in 1985) . All experiments that use murine materials were performed under approval from the Animal Care Committee of Kyung Hee University (SE-18-172) in 2018. After 1 week of acclimatization, the mice were randomly divided into five groups (n=4). A group of healthy mice was used as normal control group. Experimental groups (four groups) were subjected to immunosuppression by intraperitoneal injection of CP (100 mg kg d −1 ) for 3 days, considering the previous reports [17, 22] . Days 4 to 17, each group was orally administered as follows: CP group, PBS; low dose of hLp-nF1 (nF1-L) group, 5×10 7 cells g d
; high dose of hLp-nF1 (nF1-H) group, 5×10 9 cells g d ; red ginseng (RG) group, 400 mg kg d −1 , considering the report of Cho et al. [23] . After 24 h of the last administration, mice were anesthetized with zoletile and rompun (1:2) and their bodies were weighed. Then blood samples were collected by cardiac puncture and stored on ice. Finally, their spleens were weighed.
Cell culture
RAW 264.7 macrophages (KCLB, Republic of Korea) were grown in DMEM containing streptomycin (100 μg ml −1 ), penicillin (100 U ml −1 ) and heat-inactivated FBS (10%) at 37 °C in the presence of CO 2 (5%). YAC-1 cells (KCLB, Republic of Korea) were grown in RPMI containing streptomycin (100 μg ml −1 ), penicillin (100 U ml −1 ) and heat-inactivated FBS (10%) at 37 °C in the presence of CO 2 (5%).
nK cell activity
YAC-1 lymphoma cells ( 1×10 5 ) were used as the target cells and splenocytes (5×10 6 , 1×10 7 and 2×10 7 ) were used as the effector cells in a 24-well plate. The plates were incubated for 4 h at 37 °C. The NK cell activity of the splenocytes was measured by means of EZ-LDH cytotoxicity assay kit according to the recommended procedure, as previously described [8] . The NK cell activity of effector cells was calculated using the following formula: cytotoxicity (%)=100×(A − B − C)/(D − B); A: experimental release value − value of media containing 10% FBS, B: spontaneous release value of target cells − value of media containing 10% FBS, C: spontaneous release value of effector cells − value of media containing 10% FBS, D: maximum release value of target cells by 10 µl of lysis solution − value of assay media plus 10 µl of lysis solution.
Reverse transcription (RT)-PCR analysis
Total RNA was isolated from spleen tissues using an easy-BLUE RNA extraction kit (iNtRON Biotech, Republic of Korea), as previously described [24] . The concentration of total RNA in the final elutes was determined by a spectrophotometer. Total RNA (1 µg) was heated at 65 °C for 10 min and then chilled on ice. Each sample was reverse-transcribed to cDNA for 90 min at 37 °C using cDNA synthesis kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA). PCR was performed with the following primers for mouse NKG2D (5′CGA CCT CAA GCC AGC AAA GTG 3′; 5′TGT TGC TGA GAT GGG TAA TG 3′). GAPDH (5′TTC ACC ACC ATG GAG AAG GC 3′; 5′GGC ATG GAC TGT GGT CAT GA 3′) was used to verify if equal amounts of RNA were used for RT and PCR amplification from different experimental conditions. The protocol for the PCR reaction was as follows: denaturing at 95 °C for 5 min, amplification by 34 cycles of 1 min at 95 °C, 1 min at 60 °C, 1 min at 72 °C for NKG2D; 15 s at 95 °C, 45 s at 62 °C, 30 s at 72 °C for GAPDH, and extension at 72 °C for 10 min. Products were electrophoresed on a 1.5% agarose gel and visualized by staining with ethidium bromide. 3×10 5 ) were incubated with PBS or samples for 24 h at 37 °C in a 24-well plate. A modified sandwich ELISA method was used to determine the levels of IL-1β, IL-2, IL-6, IL-12 and TNF-α in serum and cell culture media, as previously described [24] [25] [26] . The serum and cell culture media samples were repeated in a freeze−thaw cycle. In brief, IL-1β, IL-2, IL-6, IL-12 and TNF-α antibodies were incubated on a 96-well microplate overnight at room temperature. The samples and standard solutions were then loaded and incubated for 2 h. After washing the plate, biotinylated IL-1β, IL-2, IL-6, IL-12 and TNF-α antibodies were loaded and again incubated for 2 h. Following additional washing of the plate, avidin-peroxidase was loaded and the plates were incubated for 30 min. The plate was again washed and the TMB substrate was loaded. Finally, the plate was measured at 405 nm using a colorimetric microplate reader. no assay RAW 264.7 macrophages (3×10 5 ) were incubated with PBS or samples for 24 h at 37 °C in a 24-well plate. The presence of nitrite, which is a stable oxidized product of NO, was measured in cell culture media using the Griess reagent, as previously described [27] . To measure nitrite, 100 µl aliquots were removed from culture media and incubated with an equal volume of Griess reagent (1% sulfanilamide, 0.1% N-(1-naphtyl)-ethylenediamine dihydrochloride, 2.5% H 3 PO 4 ) at room temperature for 10 min. The absorbance at 540 nm was determined by a colorimetric microplate reader (Molecular Devices LLC., San Jose, California, USA). NO 2 − was determined by using sodium nitrite as a standard. The cell-free medium alone contained 5 to 8 µM of NO 2 − . This value was determined in each experiment and subtracted from the value obtained from the medium with RAW 264.7 macrophages.
ELISA
RAW 264.7 macrophages (
MTT assay
MTT assay was performed to measure the cell viability, as previously described [28] . First, we seeded RAW 264.7 macrophages (3×10 5 ) in a 24-well plate and incubated the plate with MTT (5 mg ml −1 ) for 4 h at 37 °C in the presence of 5% CO 2 and 95% air. To confirm the viability of hLp-nF1 itself, we added 5 µl of PBS or hLp-nF1 in DMEM containing heat-inactivated FBS (10%) without cells in a 24-well plate and incubated the plate with MTT (5 mg ml −1 ) for 4 h at 37 °C in the presence of 5% CO 2 and 95% air. Next, we added 1 ml of dimethyl sulfoxide to dissolve the MTT formazan, and transferred 100 µl of supernatant into a new 96-well microplate. The cell viability was analysed at 540 nm using a ELISA reader (Molecular Devices, LLC., Sunnyvale, CA, USA).
Preparation of nuclear and cytoplasmic extracts
RAW 264.7 macrophages (3×10 6 ) were incubated with PBS or samples for 2 h at 37 °C in a 60 mm dish. Nuclear and cytoplasmic extracts were prepared from RAW 264.7 macrophages, as previously described [29, 30] . Briefly, we washed cells in ice-cold PBS and centrifuged them at 15 000 g for 1 min. We then resuspended them in 40 µl of a cold hypotonic buffer (10 mM Hepes/KOH, 2 mM MgCl 2 , 0.1 mM EDTA, 10 mM KCl, 1 mM DTT and 0.5 mM PMSF, pH 7.9). Next we allowed the cells to swell on ice for 15 min; we lysed them gently with 2.5 µl of 10% Nonide P (NP)−40; and we centrifuged them at 15 000 g for 3 min at 4 °C. The supernatant was then collected and used as the cytoplasmic extract. The pellets of nuclei were gently resuspended in 40 µl of cold saline buffer (50 mM HEPES/ KOH, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 10% glycerol, 1 mM DTT and 0.5 mM PMSF, pH 7.9) and left for 20 min on ice. After conducting the centrifugation (15 000 g for 15 min at 4 °C), the aliquots of supernatant were used as the nuclear extract. Finally, we used the Bicinchoninic acid protein assay (Sigma, St. Louis, MO, USA) to measure the protein concentrations.
Western blot analysis
Western blotting was performed using the cell lysates, as previously described [31] [32] [33] . In brief, the cell lysates were prepared in a sample buffer containing sodium dodecyl sulfate (SDS). The samples were heated at 95 °C for 5 min and briefly cooled on ice. Following the centrifugation at 15 000 g for 5 min, the proteins in the cell lysates were separated by 10% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose paper. The membrane was then blocked with 5% skim milk in PBS-tween-20 for 1 h at room temperature and then incubated with primary antibodies (iNOS, NF-κB, p-IκBα, PARP, GAPDH) overnight at 4 °C and secondary antibodies (mouse anti-rabbit IgG-HRP, goat anti-mouse IgG-HRP) for 1 h at room temperature. Finally, the protein bands were visualized by an enhanced chemiluminesence assay purchased from Amersham (Newark, NJ, USA) following the manufacturer's instructions.
Statistical analysis
SPSS software (version 14.0, SPSS Inc, Chicago, IL, USA) was used for statistical analysis. The analysis was performed by an independent t-test and ANOVA with Tukey's post hoc test. Statistical significance was accepted when P-values were less than 0.05 (P<0.05). All results show means±sems.
RESuLTS
Effect of hLp-nF1 on nK cell activity in CP-induced immunosuppressed mice
Initially, we sought to investigate the immunomodulatory effect of hLp-nF1 on NK cell activity of immunosuppressed mice. For establishment of NK cell activity assay, murine YAC-1 cells were incubated with healthy mouse splenocytes with various effector-to-target (E:T) ratios. Among them, a ratio of 200:1 showed the most difference (Fig. 1a) . Thus, we analysed the effect of hLp-nF1 on NK cell activity using splenocytes of CP-induced immunosuppressed mice with a ratio of 200:1. As a result, oral administration of hLp-nF1 (high dose) showed significantly up-regulated NK cell activity (Fig. 1b, P<0.05 ). To confirm this NK cell activity, we measured mRNA expression of NKG2D (activation marker on NK cells) in spleen. Oral administration of hLp-nF1 (high dose) significantly increased the mRNA expression of NKG2D (Fig.  1c, d, P<0.05) .
Effect of hLp-nF1 on cytokine levels in serum of CP-induced immunosuppressed mice
Next, we investigated the effect of hLp-nF1 in serum cytokine levels of CP-induced immunosuppressed mice. When we measured the levels of immune-enhancement-related cytokines in serum, oral administration of hLp-nF1 (high dose) increased the levels of TNF-α, IL-2 and IL-12 (Fig. 2a,  c, e) . However, the levels of IL-1β and IL-6 were not changed by oral administration of hLp-nF1 (Fig. 2b, d ). CP injection reduced body and spleen weights; however, the effects of hLp-nF1 were not enough to recover them ( Table 1) .
Effect of hLp-nF1 on no production in RAW 264.7 macrophages
Macrophages play a critical part of the first line of defense against microbial invaders from their intracellular defense, phagocytic and cytotoxic capabilities [11] . The production of NO is induced from the activation of macrophages through the expression of iNOS [12] . Thus, we investigated whether hLp-nF1 could up-regulate the production of NO on RAW 264.7 macrophages. RAW 264.7 macrophages were stimulated with various concentrations (5×10 3 to 5×10 9 cells ml −1
) of hLp-nF1 for 24 h. The hLp-nF1 (5×10 7 to 5×10 9 cells ml −1 ) significantly elevated the production of NO compared with the PBS-treated cells (Fig. 3a) . No cytotoxicity by hLp-nF1 was observed (Fig. 3b) . To present significant effects and dose-dependency, we selected and investigated the effects of hLp-nF1 with two doses (5×10 7 and 5×10 9 cells ml −1
) on the next experiment. LPS stimulation significantly increased the production of NO; however, the elevation of NO by highdose of hLp-nF1 (F1-H) was more (Fig. 3c) . To determine the effect of hLp-nF1 on iNOS expression, Western blot analysis was performed. As a result, hLp-nF1 induced the expression of iNOS in RAW 246.7 macrophages (Fig. 3d) . To compare efficacy between viable or dead Lactobacillus plantarum, we measured the levels of NO in RAW 246.7 macrophages. There was no significant difference between both groups (Fig. S2a) .
Effect of hLp-nF1 on cytokine production in RAW 264.7 macrophages
Generally, LPS can stimulate macrophage activation [34, 35] . Cytokines secreted from macrophages are involved in the regulation of immune responses [6] . To know the effects of hLp-nF1 on the production of immune-enhancement-related cytokines in RAW 264.7 macrophages, we assessed the levels of various cytokines by means of ELISA. As shown in Fig. 4 , LPS stimulation significantly elevated the production of most PBS, PBS-administered mice; CP, CP (100 mg kg cytokines, such as TNF-α, IL-1β, IL-2 and IL-6 (P<0.05). High dose of hLp-nF1 also significantly elevated the production of TNF-α, IL-2 and IL-6 on RAW 264.7 macrophages (Fig. 4a,  c, d, P<0.05) . However, the levels of IL-1β and IL-12 were not affected by treatment with hLp-nF1 (Fig. 4b, e) . To compare efficacy between viable or dead Lactobacillus plantarum, we measured the levels of cytokines in RAW 246.7 macrophages. There was no significant difference between both groups (Fig.  S2b-f) .
Effect of hLp-nF1 on the activation of nF-κB in RAW 264.7 macrophages NF-κB regulates the expression of iNOS, TNF-α and IL-6 as a transcription factor [10] . To investigate whether hLp-nF1 exerts an immune-enhancing effect through activation of NF-κB in RAW 264.7 macrophages, we assessed the nuclear translocation of NF-κB and phosphorylation of IκBα by means of Western blotting. The treatment with hLp-nF1 increased translocation of NF-κB into nucleus and phosphorylation of IκBα in cytoplasm of RAW 264.7 macrophages (Fig. 5) .
dISCuSSIon
The present study demonstrates that hLp-nF1 enhanced activities of NK cells and the levels of TNF-α, IL-2 and IL-12 in serum of CP-immunosuppressed mice. In addition, hLp-nF1 increased the levels of NO, iNOS, TNF-α, IL-2 and IL-6 through activation of NF-κB on RAW 264.7 macrophages.
Lactobacillus plantarum is not only widely dispersed in nature but also found in human oral cavity and digestive organs [36] . Thus, it hardly has side effects. Lactobacillus plantarum possesses various pharmacological properties, such as anticancer, anti-colitis and immune-enhancing [18] [19] [20] . Even Lactobacillus plantarum prevented gastrointestinal side effects in antibiotic-treated patients [37] . However, Peral et al. [38] reported that some burned patients suffered tolerable pain by viable Lactobacillus plantarum treatment. While enhancement of the immune system by viable bacteria under certain conditions could be beneficial it could also have severe side effects. Furthermore, heat-killed Lactobacillus plantarum increased the levels of IL-6, IL-12 and TNF-α in mouse splenocytes [21] . Therefore, hLp-nF1 may be able to be used for immune enhancement of burned patients. Miyazawa and colleagues [39] reported that heat-killed Lactobacillus gasseri can enhance immunity in the elderly, indicating that immuneenhancing effect is not specific to Lactobacillus plantarum.
Lactobacillus acidophilus, a member of Lactobacillus family, enhanced immune response in mice [40] . Oral administration of probiotic bacteria (Lactobacillus rhamnosus) resulted in immune enhancement in rainbow trout [41] . Thus, the Lactobacillus family could be considered as effective factors in enhancing the immunity. On the other hand, Lactobacillus acidophilus reduced tumour growth in a murine model [42] . Administration of Lactobacillus rhamnosus prevented colon cancer development in SD rats [43] . Lactobacillus plantarum also reduced azoxymethane/dextran sulfate sodium-induced colon cancer in mice [20] . Furthermore, Lactobacillus acidophilus and Lactobacillus casei suppressed the malignant phenotypes of colorectal cancer cells [44] . Therefore, ingestion of the Lactobacillus family may contribute to the immune enhancement as well as cancer prevention.
NK cells play a critical role in innate immunity killing virally infected cells and secreting cytokines, which regulate adaptive immunity [45] . The activated NK cells kill targets through lysis by granzyme and perforin, induction of apoptosis and secretion of various cytokines such as TNF-α to activate systemic antitumour immunity [46] . A previous study reported that selenium and vitamin E increased the NK cell cytotoxicity and enhanced the immune function in cattle [47] . Hong et al. [48] reported that immune-enhancement drug Korean red ginseng stimulates NK cell activity. In this study, we determined that administration of hLp-nF1 increased the NK cell activity in CP-immunosuppressed mice. Thus, it will be possible to suggest that hLp-nF1 enhances the immunity by up-regulation of NK cell activity.
Cytokines are major regulators of innate and adaptive immunity and activate the immune system. TNF-α-deficient mice showed reduced humoral immune responses [49] . Systemic administration of IL-2 in mice enhanced immune function [50] . IL-6 contributed to host defense through stimulating immune reactions [51] . IL-12 is critical for host defense [52] . IL-12-deficient mice were highly susceptible to bacterial, parasitic and fungal infections [53] . Park et al. [54] reported that bifidobacteria increased the releases of NO, IL-6 and TNF-ɑ in RAW 264.7 macrophages and enhances immunity. Our results showed that hLp-nF1 increases the levels of TNF-α, IL-2 and IL-12 in the serum of CP-immunosuppressed mice and the levels of TNF-α, IL-2 and IL-6 in RAW 264.7 macrophages. Among various cytokines, TNF-α and IL-2 were elevated in both in vivo and in vitro. Thus, we can presume that hLp-nF1 might enhance the immune function through up-regulation of TNF-α and IL-2.
Enhancing immune response in macrophages was associated with increased IκBα degradation and NF-κB activation [55] . Polyporus polysaccharide enhanced the levels of iNOS, TNF-α and IL-6 through the NF-κB signalling pathway, up-regulating the innate immune response [56] . Our results also presented that treatment with hLp-nF1 induced the activation of NF-κB and phosphorylation of IκBα in RAW 264.7 macrophages. Thus, we could presume that hLp-nF1 exerts an immune-enhancing effect through the NF-κB signalling pathway in macrophages.
In conclusion, our findings provide in vivo and in vitro evidences that hLp-nF1 has an immune-enhancing effect by the activation of NK cells in CP-immunosuppressed mice and by the production of NO and cytokines through the activation of NF-κB on RAW 264.7 macrophages. Taken together, the present study suggests that hLp-nF1 would be helpful for us to enhance the immunity. 
